This paper describes an analytical investigation on the strength, stiffness, and mechanical behavior of heavy clip-angle connections subjected to static loading. The work is based on the results of a large experimental investigation into the cyclic behavior of connection components incorporating with thick clip-angles. The results of these tests are described first, and then methodologies to generate the response of connection components, utilizing nonlinear finite element (FE) models with the advanced modeling methods such as the pretension force in the bolts and the interaction between two contact surfaces, are presented in this study. Numerical test results obtained from FE analyses are compared with experimental test results in an effort to verify that 3D FE models can simulate the overall and detailed behavior of a various type of clipangle connections accurately. These FE models provide useful instrumentation, which is difficult to obtain during an experiment, such as the distribution of the plastic strain, prying forces induced by the initial bolt pretension, and friction forces on the interface between a clip-angle and a steel beam. These valuable results can support the basic knowledge for developing strength models consistent with the AISC-LRFD component method of the clip-angle design. They are also utilized to better understand the parametric effect of connection components and achieve a comprehensive study of their behavior.
Introduction
Two major earthquakes in 1994 and 1995, the Northridge and Kobe earthquakes, highlighted the vulnerability of conventional welded connections in steel moment frames and drew attention to the role that partial strength (PS), partially restraint (PR) connections played in the post-fracture behavior of those structures. 1) As a result, several research projects have been carried out to supplement the drawbacks in welded beam-to-column connection designs and to investigate alternative PR bolted connections. [2] [3] [4] [5] [6] [7] [8] T-stub or endplate connections have been widely used in modern moment frames as alternatives to fully welded connections for medium to heavy weight beam sizes. [6] [7] [8] For clip-angle connections, stronger and stiffer clip-angles should be required at the connection design so as to use them in low to midrise modern structures. However, most existing researches for clip-angle connections have been focused on the connection designs that utilize light to medium angles (t f ϭ6 to 16 mm) for fastening the steel beams to the column by high strength bolts. [9] [10] [11] [12] [13] [14] SAC Subtask 7.03 15, 16) was conducted at the Georgia Institute of Technology and focused on steel bolted clip-angle connections in order to introduce heavy clip-angles (t f ϭ25 mm) to the connection design. The cyclic behavior of clip-angle connections was studied both at component and full-scale connection tests. A discussion of the experimental programs was provided by Swanson 15) and Schrauben. 16) However, the data obtained from a series of component tests was not applied to the design recommendation and no analytical study for those test models was performed in those studies.
The research reported herein follows previous one presented by Swanson et al., 17) Hu and Leon, 18) and Hu 19) who used three dimensional (3D) FE models both to investigate the prying response of tension bolts and to predict the deformation of T-stub and top-and-seat angle connections under static axial loading. Citipitioglu et al. 20) studied the effect of slip by using a general contact scheme in similar connection models and presented extensive-parametric 3D FE analysis of PR bolted connections.
FE analyses, which are supplemented by the experimental data, are intended to provide a better understanding of the component behavior. In this study, the refined 3D modeling of heavy clip-angle components were performed to recognize the basic mechanism of heavy clip-angle behavior and the stress distribution by means of the results obtained from FE analyses. The experimental test results provided by the SAC Subtask 7.03 project 15, 16, 18) were investigated and compared with the numerical test results. This paper concentrates on examining the basic mechanism for heavy clip-angle connections including the prying action due to the bolt pretension. The ultimate strength capacities of heavy clip-angle components obtained from static FE analyses are also investigated to evaluate currently accepted strength models for bolted connection designs.
Prying Model
The prediction of the ultimate strength for PR connections is a quite complex process because several yielding or failure modes interact with one another and are tied to uncertainties in both material properties and fabrication tolerances. Among the possible failure modes, the most studied cases are related to the bending action in the clip-angle leg associated with the bolt pretension. This prying mechanism can be followed by the ultimate failure of tension bolts (i.e. bolt fracture) or the yield failure of components (i.e. flange yielding). In this study, the prying action in the clip-angle leg will be addressed and the existing prying model used in the AISC-LRFD 21) will be estimated by comparing its strength predictions with FE analysis results that were calibrated to the experimental test results of steel clip-angle components. This prying model was based upon one of the most widely used models developed by Kulak et al. 22) As shown in Fig. 1(a) , prying action refers to the additional forces due to the reactions at the tip of the uplifting angle leg (Q); these additional forces can increase the tension in the bolts (∑ B n ) and lead to premature failure. They effectively reduce the load applied to the clip-angle (P). The static equilibrium exists in this mechanism (∑B n ϭ PϩQ). In general, the prying force (Q) acting on the tip of the angle leg can be minimized by either increasing the member thickness (t f ) or reducing the tension bolt gauge length (g t ). Figure 1(b) shows the notation and dimensions used in the prying model for the determination of the ultimate strength of the clip-angle. In this model, the bolt forces are assumed to act at the inside edge of the bolt shank instead of acting at the centerline of the bolt shank. This premise is based on the assumption that more of bolt head pressure is distributed into the angle leg under the inside of the bolt head than under the outside of the bolt head. 21, 22) As a result, static equilibrium should be based on the parameters aЈ and bЈ instead of a and b. The magnitude of a is limited to a value no greater than 1.25b in this model. 22) Based upon considering three possible failure modes shown in Fig. 2 , the ultimate capacity of the component members is computed. These three failure modes can be expressed by Eqs. (1) to (3) . They correspond to formation of a plastic mechanism on the flange (Eq. (1)), bolt prying mixed with flange yielding (Eq. (2)), 23) and tension bolt fracture without the prying force (Eq. (3) where t f is the thickness of clip-angle legs; F y is the yielding stress of carbon steel (for FE350, F y ϭ350 MPa); W Clip is the width of the clip-angle (see Fig. 4) ; B n,tension is the tensile capacity of tension bolts (cf. the tensile strength of a bolt (F n,tension ): 780 MPa for M10.8 bolt and 620 MPa for M7.2 bolt). 21) d is the ratio of the net section area to the gross section area, excluding the fillet, and can be written as: The parameter for the level of the prying present (b, see Fig. 1(b) ) is defined as the ratio of the moment on the bolt centerline to the moment on the face of the angle leg. 15, 22) When this parameter exceeds unity (bՆ1), the thickness of the flange is sufficient to cause the plastic flange mechanism to form as if the flange were a fixed-fixed beam (see Fig. 2(a) ). When bՅ0, the upstanding angle leg is separated from the contact surface (see Fig. 2(c) ). The prying forces are zero and the bolts are subjected to only conventional tension without bending moment. The bolt fracture results (10) The general solution for the determination of the clipangle capacity can be plotted as a function of the angle thickness (t f ). Figure 3 represents a theoretical solution space for flange yielding and bolt prying of a typical clipangle. The line segment OC is defined by the plastic mechanism of the clip-angle leg and is computed using Eq. (1) with the assumption that bϭ1.0. The line segment CD represents the bolt capacity including the effect of the bolt prying and is calculated using Eq. (2). The line segment DE represents the conventional bolt tension strength without any prying action and is calculated using Eq. (3). Therefore, when 0ՅbՅ1, the bold line OCDE represents the capacity of the clip-angle and tension bolts and the region below this line represents the adequate design strength. 15, 21, 22) The thickness of the clip-angle presented in this study (t f ϭ25 mm) is associated with the line segment OB which represents a plastic failure mechanism of the clip-angle leg with a value of bϭ1.62. Since this case is outside the physical range of 0 to 1, the expanded solution region should be used to determine the ultimate strength capacity. 15, [21] [22] [23] The dash line ABC represents the bolt failure after a plastic mechanism on the clip-angle leg has been established. Therefore, the line segment OC, which indicates the plastic flange mechanism, results in the theoretical and preliminary failure mode but does not results in the ultimate failure based on the ultimate strength of tension bolts. After exceeding the limit of the plastic mechanism on the line segment OC, the strain hardening of the base clip-angle material provides additional strengths until tension bolts fail by ultimate fracture. As a result, the point B represents the ultimate capacity of the clip-angle component with a value of t f ϭ25 mm (i.e. approximately Pϭ390 kN). This physical mechanism will be verified through the observation of the plastic strain distribution obtained from FE analysis results. It will be also shown that the ultimate capacity of heavy clip-angles investigated in this study mostly lies above the line segment ABC.
Experimental Overview
As part of the SAC Task 7.03 project, Swanson 15) tested 10 thick angle components. The typical dimensions of specimens by Swanson are given in Fig. 4 . Details of the component tested are summarized in Table 1 , along with the ultimate strength obtained in the experimental tests.
The behavior of thick clip-angles is controlled by the prying action of tension bolts. The prying capacity is primarily governed by the geometric ratio H 1 to H 2 (see Fig.  4 ), which determines the ultimate capacity, the bolt failure mode, and the extent of the bending mechanism in the clipangle. Additional parameters (i.e. the width of the bolt head, the length of the bolt shank, the type of bolts used, and the alignment of shear bolts in its oversize hole) are often needed to model the behavior in detail. All specimens summarized in Table 1 ultimately failed by bolt fracture. Component tests were all run under cyclic loads. The en- velopes of cyclic response will be used for comparison with FE analysis results which were obtained from monotonic loading tests. The component tests were extensively instrumented with displacement transducers (LVDTs). Each pair of LVDT shown in Fig. 5(a) monitored individual displacements which were used to isolate the different components of the overall deformation. LVDTs A monitored the uplift of the upper clip-angle from the face of a column, while LVDTs B measured the slip deformation between the clip-angle and the beam flange. Slip mechanism due to the direct shear force acting on the slip plane is illustrated in Fig. 5(b) . Once this slip force exceeds the slip resistance provided by the clamping force, slip between two surfaces of bolted component starts to occur (e.g. PϾu · P pre ). As shown in Fig. 5(b) , the clamping force is estimated by the product of the friction coefficient and the bolt pretension (u · B pre ). Slippage occurs because construction tolerances (D c ) require that bolt holes should be at least 1.6 mm larger than the nominal bolt diameter (d b ). Once this tolerance is exceeded, the bolt begins to bear on the plates and the stiffness and strength increase again. LVDTs C measured the elongation of the clip-angle leg. Finally, LVDTs D measured the overall clip-angle deformation consisting of these three deformation mechanisms.
3D FE Models
Three dimensional non-linear finite element analyses (3D FE) were carried out using ABAQUS 24) in order to estimate the response of bolted PR connections such as those described in the tests above. The clip-angle components (CA01 to CA18) were modeled using C3D8 (eight node solid) elements. The inner core of bolts and the K-zone of clip-angles are modeled by C3D6 (6 node wedge element). Over 5500 elements and 22 650 degrees of freedoms (DOF) were typically used in modeling these components. These 3D FE connections had three bolts and 4 different kinds of components (i.e. Clip-angle, Beam, Column, and Nut). The 3D FE simulations consisted of over 26 500 elements and 355 000 DOFs. A typical mesh is shown in Fig. 6 . The connections were modeled as half models with symmetric boundary conditions in order to save computation time and cost.
Component models applied typical material properties shown in Fig. 7 to FE analyses. 15, 16) The material properties of test specimens such as M10.8 (A490) and FE350 (A572-Gr. 50) were fully nonlinear. The stress-stress curve for a 
M7.2 (A325) bolt was also made up of this research.
All models incorporated contact interaction with either a friction or rough condition between adjacent surfaces. Rough conditions, which do not permit slip deformation to occur, were specified at two locations: (1) between the underside of the bolt head and the clip-angle surrounding the tension bolt holes, and (2) between the shanks of the shear bolts and the contiguous inside portion of the nut hole. A rough condition at the nut hole led to an increase in slip resistance and caused the nut head which comes into contact with the beam flange. All other contact surfaces utilized friction conditions with the value of 0.25 for the friction coefficient.
The pretension in the bolts and friction was significant parameters in these bolted connections. Great care was taken to attempt to model the bolt behavior correctly, including the oversize holes (bolt clearance of 1.6 mm). To pretension the bolts, a prescribed bolt displacement was imposed with the value of 0.25 mm at the middle of the bolt shank while holding the bolt end fixed to a fictitious plane during the first loading step. The tip of the bolt, which was fully restrained during the first load step, was released during the second load step which was used to impose the monotonic loading at the tip of the beam. Friction on the contact surface between the bottom of the clip-angle and the upper of the beam flange was the main source of force transfer before the slip load was reached. Sliding between the beam flange and the clip-angle occurred after the applied loading exceeded the slip resistance. A number of these modeling methods were generated in order to improve the numerical stability for the computations under static loads, which are the ultimate goal of this research.
Comparisons between Experimental Results and Analytical Results
Ten graphs shown in Fig. 8 results in larger increases since the prying forces do not build up as quickly. Therefore, the larger prying forces cause to reduce the ultimate angle capacities. The difficulty in properly reproducing the slip behavior can be seen from comparing Figs. 8(b) and 8(c) (i.e. specimens CA-02 and CA-04). In the experimental results, CA-02 has a clear slip plateau at about 330 kN, while CA-04 shows a combination of slip and yielding around 380 kN; the analyses both clearly show these plateaus, but the magnitude is smaller in the case of CA-04. The predictions of both ultimate load and ultimate deformation given by the FE models appear to be excellent. Both compared results show good agreements in terms of initial slope, slip behavior, yield strength, and ultimate strength. Figure 9 shows the deformed configuration of the CA04 component, near their ultimate loading stage. The monotonic load was imposed by pulling on the beam component in tension along its centroid. Both compared clip-angle models (Experimental test model vs. FE model) show good agreement with respect to deformed shapes. CA04 specimen was designed with a relatively larger ratio of H 1 /H 2 . Therefore, the prying action is clear from the deformed shapes shown in the figures and led to tension failures of the bolts as had been observed in the experimental test results. Distinct bolt prying action can be verified by this deformed configuration due to bending effect observed near the bolt head (see a deformed tension bolt in Fig. 9(b) ).
Observations of 3D FE Analyses

Deformation
The figures also show the plastic stress contours, which indicate that a plastic stress hinge occurred in the vertical clip-angle leg adjacent to the toe of the fillet area and that the thickness of the angle resulted in the bolt head lifting and bending (see a dotted circle in Fig. 9(b) ). A plastic hinge also occurred in the underneath of the bolt head because of bending effect. It indicates that this steel heavy clip-angle connection was designed with sufficient ductility. In addition, the area around the bolt hole has yielded.
Prying Action Mechanism
FE analyses are able to extend the study of clip-angle components with more details on the parametric effect beyond the experimental data. FE analysis results are exten-© 2010 ISIJ sively used to study the effect of bolt pretensioning and prying action on the response of tension bolts, clip-angles, and even full-scale connections.
The response of tension bolts obtained from theoretical calculations and FE analysis results is shown in Fig. 10 . The multi-linear line in the figure represents the tension bolt response under zero pretension and no prying action, while other two curves drawn by the measurement from FE models represent the reaction force-deformation response of one tension bolt with the initial pretension. The behavior of the tension bolts with negligible bending moments is highly dependent on the material properties and mimics the behavior of a tensile coupon. However, after the first yield transition point, two curves from FE analyses cannot reach this anticipated strength of a bolt only pulled. Specimens designed with the relatively larger bolt prying force (i.e. CA04 and CA12) have smaller bolt's tensile capacity than those designed with relatively smaller one (i.e. CA02 and CA10) as shown in Figs. 10(a) and 10(b) . They start at nonzero forces because the bolts are initially pretensioned.
The more detail investigation into the prying response of tension bolts is shown in Fig. 11. The solid lines in the figure represent the response of the tension bolts with no prying and zero pretension. The prying forces according to the geometric ratio of H 1 /H 2 are simply estimated by using this prying response of tension bolts compared. At the beginning of the loading step, the response of the tension bolts is dominantly affected by the initial pretension of tension bolts. As the total applied force increases, the reaction force in the bolts subjected to the tension also increases. Moreover, the amount of the prying force at the ultimate state is highly dependent on the geometric ratio of H 1 /H 2 in the clip-angle. As mentioned in the static equilibrium, the prying force, which builds up quickly, causes to increase the tension reaction force in the bolts. Therefore, specimens with the larger H 1 /H 2 such as CA04 and CA12 are more susceptible to the bolt fractures.
In order to investigate plastic hinge sequences and failure modes in the clip-angles, the plastic equivalent strain fields are compared under the ascending steps (G 1 ϭ200 kN, G 2 ϭ400 kN, G 3 ϭ500 kN, and final loading step) graphically illustrated in Fig. 11 . These plastic strain fields (PEEQ) are shown in Fig. 12 . As shown in the first loading step G 1 , the plastic strain starts to occur at around bolt holes and bolt shanks. The plastic strain fields spread to the fillet area and the clip-angle leg at the second loading step G 2 . Approximately 3.5 % maximum plastic strain contours, which indicate that a plastic hinge starts to occur, are found at the fillet area of the CA12 specimen after bearing deformation occurs at around 400 kN. In addition, the plastic strain field concentrates around the bolt hole. Therefore, it is clearly assured that CA12 specimen under this loading step undergoes the plastic flange mechanism, as the preliminary failure, corresponding to the failure mode, CASE A, illustrated in Fig. 2(a) . At the final loading step, the bolt fracture mixed with the plastic hinge is commonly observed at all specimens shown. This failure state, as the ultimate failure mode, was graphically described in the mixed failure mode, CASE B, illustrated in Fig. 2(b) . As compared with other specimens, CA12 specimen has the most extensive area of the plastic strain field among three compared specimens under the same level of the loading step.
Performance Based Evaluations for Heavy Clip-angles
Several limit states based on the failure modes have been used for a clip-angle design. Some are ultimate limit states © 2010 ISIJ for such a failure by rupture or fracture, while others indicate design limit states based on yielding of the members. In this section, the ultimate capacity of heavy clip-angles will be investigated with existing experimental test results and FE analysis results.
The determination of the ultimate capacity of a clipangle is illustrated in Fig. 13 . Three specimens having the same geometric parameters, except for H 1 and H 2 , were selected in order to examine the ultimate capacity and the failure mode with respect to the amount of bolt prying action. The detail description for the general solution to determine the clip-angle capacity was already described in the prying model (Sec. 2). Thus, based on the observation of FE models after analyses, we mainly investigate herein whether the solution space can reflect on the failure mode or not. To achieve this purpose, the axial forces at each loading step graphically described in Figs. 11 and 12 are plotted on the theoretical solution space (see Fig. 13 ).
For CA09 and CA10 specimen, the point B corresponding to the ultimate capacity of the clip-angle component © 2010 ISIJ with t f ϭ25 mm lies on the line segment CD. Since the line segment OB is located on the region where the prying parameter (b) is within the range of 0 to 1, the plastic flange mechanism does not occur during the loading step (see G 2 and G 3 plotted in Figs. 13(a) and 13(b)). Therefore, both specimens are expected only to fail by the bolt fracture simultaneously combined with flange yielding under the ultimate state. It agrees with the observation of the plastic deformation shown in Figs. 12(a) and 12(b). The ultimate clip-angle capacity of CA10 specimen is approximately 3 % larger than the predicted clip-angle capacity on the solution space. However, the predicted clip-angle capacity of CA09 specimen is unconservative by the value of approximately 16 %.
In case of CA12 specimen, the axial force at the first loading step (i.e. G 1 ϭ200 kN) is anchored below the line segment OC (see Fig. 13(b) ). It coincides with the fact that the clip-angle under the first loading step (i.e. G 1 ϭ200 kN) does not show any failure modes as shown in Fig. 12(c) . The axial force at the second loading step (i.e. G 2 =400 kN) is located in the domain OBCO. It also agrees with the occurrence of the plastic mechanism on the clip-angle leg as shown in this figure. Finally, the ultimate clip-angle capacity of CA12 specimen corresponding to 500 kN slightly exceeds the line segment ABC.
In an effort to avoid catastrophic collapse, the ultimate capacity of the clip-angle based on the tension bolt fractures should lie on or just above the predicted clip-angle capacity which is represented by the point B on the theoretical solution space. This predicted capacity indicates the requirement of strength for the connection design. For all specimens provided, the ultimate clip-angle capacities obtained by FE and experimental tests are compared with their predicted clip-angle capacities, as shown in Fig. 14 . Except for CA01 and CA09 specimen, the ultimate strength of clip-angles exceeds the predicted clip-angle capacity. It indicates that the strength prediction of clip-angle components presented in this study is restricted to the clip-angle component with the moderate length of the H 2 parameter (H 2 Ն51 mm). Overall, the line segment ABD results in a conservative capacity prediction.
Concluding Summary
A 3D FE solid model for thick angle components and connections utilizing both contact interactions and non-linear material properties provided good results when compared to experimental results. This FE model successfully predicted contact interaction, prying force mechanisms, and slip deformation identical. In addition:
(1) The overall deformation of the clip-angle was captured well by the FE model, which correctly predicted the sequence of sliding, bearing contact, and development of a prying mechanism.
(2) Large displacements were reached due to bending of the tension bolts during the prying. Some models (CA04, CA12) showed more visible prying action, as evidenced by deteriorating axial capacity and distinct yield lines at the tension bolts.
(3) The coefficient of friction and the pretension of shear bolts result in a significant parameter to predict the slip load. Especially, the numerical value of a coefficient was determined from the level of slip resistance in FE tests. The value of 0.25 was accepted for the friction coefficient.
(4) The line segments, which are able to predict the design strength of clip-angle components on the solution space, were calculated by the prying model proposed by Kulak et al. 22) This prying model is based on available failure modes between clip-angle legs and tension bolts. The strength predictions based on this established prying model are adequate to estimate the ultimate capacity of heavy clipangles except for the specimens having the relatively short length of upstanding clip-angle legs (i.e. CA09).
